INTRODUCTION
============

Mitochondria are essential organelles that are present in virtually all eukaryotic cells. The primary function of mitochondria is ATP production via the oxidative phosphorylation (OXPHOS) pathway. Additionally, mitochondria perform crucial roles in many other metabolic, regulatory and developmental processes. The circular 16.5-kb human mitochondrial DNA (mtDNA) molecule encodes 2 rRNAs, 22 tRNAs and 13 proteins that are members of the respiratory chain ([@gks774-B1; @gks774-B2; @gks774-B3]). All other proteins, including the mitochondrial translation apparatus, are derived from nuclear genes and are imported from the cytoplasm. In addition to core components of the small and large subunits of mitochondrial ribosomes (mitoribosomes), many other factors are required for translation initiation, elongation and termination in mitochondria ([@gks774-B4]).

Mammalian cells contain up to thousands of copies of mtDNA, which are organized in nucleoids ([@gks774-B5],[@gks774-B6]). Mitochondrial transcription factor A (TFAM) is a key activator of mitochondrial transcription, and is a participant in mitochondrial genome replication to maintain mtDNA ([@gks774-B7]). It may also be a primary factor for packaging mtDNA in the nucleoid ([@gks774-B8]). Nucleoids may dynamically change their structure and distribution within mitochondria that are undergoing fission and fusion and are involved in various dynamic processes including mitochondrial replication, transcription and translation ([@gks774-B9]). Previously, we isolated p32 as a protein associated with TFAM ([@gks774-B10]).

Transcription from both the heavy-strand promoter (HSP) and light-strand promoter (LSP) generates polycistronic molecules that almost cover the entire H- and L-strand, respectively. It is generally accepted that tRNAs are excised from long polycistronic primary transcripts to generate mature messenger RNAs (mRNAs) and ribosomal RNAs (rRNAs); this is called the tRNA punctuation model ([@gks774-B11; @gks774-B12; @gks774-B13]). During or immediately after cleavage of tRNAs, mRNAs are polyadenylated by a mitochondrial poly(A) polymerase. Indeed, in the case of some mRNAs, poly(A) tail addition is necessary to form a stop codon at the end of the open reading frame and may also be necessary for stabilization of some RNAs ([@gks774-B14; @gks774-B15; @gks774-B16]). Thus, nine monocistronic and two dicistronic mRNA transcripts are formed. Mitochondrial mRNAs do not contain 5′-modifications ([@gks774-B13]), and to date there has been no report of a canonical mitochondrial poly(A)-binding protein. Bioinformatic analyses revealed no obvious candidate, although several metabolic mitochondrial enzymes have been shown to be capable of binding RNA and poly(A) sequences ([@gks774-B17],[@gks774-B18]). Another important post-transcriptional process is mRNA transfer to the mitoribosome, which is required to control RNA levels and translational activity. However, the proteins involved and the exact mechanism are yet to be revealed.

Protein--RNA interactions play essential roles in post-transcriptional control of gene expression including splicing, nuclear-cytoplasmic transport, localization, quality control, mRNA degradation and translational regulation ([@gks774-B19]). Numerous mitochondrial RNA-binding proteins without known RNA-binding domains have also been identified ([@gks774-B18]). AUH (AU RNA-binding protein /enoyl-CoA hydratase), which forms a doughnut-like structure composed of two trimers, is highly positively charged because of lysine residues in its α-helix H1 that is located on the edge of the cleft between the trimers. A mutational analysis showed that the lysine residues in the α-helix H1 are essential for the RNA-binding activity of AUH ([@gks774-B20],[@gks774-B21]).

p32 \[complement component 1, q subcomponent-binding protein (C1qBP); also called gC1qR or HABP1\] was first isolated from a membrane preparation of Raji cells and originally copurified with the pre-mRNA splicing factor SRSF1 (also called SF2 and ASF) in human HeLa cells ([@gks774-B22]). The p32 protein is a doughnut-shaped trimer, which primarily localizes to the mitochondrial matrix, but has also been reported to be present at the cell surface, in the nucleus and cytosol, as well as within secretory granules ([@gks774-B23; @gks774-B24; @gks774-B25; @gks774-B26]). p32 is synthesized as a pre protein and is processed by proteolytic cleavage of the N-terminal amino acids containing the mitochondrial signal sequence ([@gks774-B27]). The pre-protein form of p32 is only expressed in germ cells ([@gks774-B28]), which clearly justifies the predominant localization of p32 in the mitochondrial matrix.

Human p32 interacts with various molecules including hyaluronic acids, human immunodeficiency virus Tat protein, complement 1q, proapoptotic factor HRK and tumor suppressor ARF ([@gks774-B29; @gks774-B30; @gks774-B31]). These observations suggest that p32 may be a multifunctional chaperone protein ([@gks774-B32]). HABP1/p32/C1qBP represented as, synonym in Human Genome, exhibits structural plasticity influenced by ionic environment due to asymmetric charge distribution. The presence of salt stabilizes the compact trimeric conformation and can interact with hyaluronan only ([@gks774-B33]). Thus, one of the ligand of this protein is hyaluronan, a complex mucopolysaccharide which is well known for its regulatory role during embryonic development ([@gks774-B34]). p32/HABP1 expression in *Schizosaccharomyces pombe* induces growth inhibition and morphological abnormalities such as elongation, multinucleation and aberrant cell septum formation in several strains, implying a role for this protein in cell-cycle progression and cytokinesis ([@gks774-B35]). However, the primary physiological role of p32 in mammalian cells is unclear, particularly in the mitochondrial matrix, despite its predominant localization there.

Previously, we identified a *Saccharomyces cerevisiae* homolog of human p32, mam33, which localized to the mitochondrial matrix. Mam33-deficient yeast cells are significantly defective in maintenance of the mitochondrial genome and show impairment of mitochondrial ATP synthesis. The growth impairment is restored by the introduction of human *p32* cDNA, which demonstrates the evolutionarily conserved function of p32 homologs among eukaryotes. Taken together, we propose that both human p32 and yeast mam33 reside in the mitochondrial matrix and play an important role in maintaining mitochondrial OXPHOS ([@gks774-B27]). Very recently, p32-knockdown cells exhibited reduced synthesis of mtDNA-encoded OXPHOS polypeptides and were less tumorigenic *in vivo* ([@gks774-B36]).

To explore the role of the p32 protein *in vivo*, particularly in the mitochondrial matrix, we generated mice with a homozygous disruption of the *p32* gene. We show that p32 inactivation causes mid-gestation lethality of knockout embryos and defects in OXPHOS, because of severe impaired protein synthesis of mtDNA-encoded protein. Here, we propose that the mitochondrial matrix protein p32 functions as an essential RNA-binding factor in mitochondrial translation, and is indispensable for embryonic development.

MATERIALS AND METHODS
=====================

Animals
-------

Animals were mated overnight, and females were examined for a vaginal plug the following morning. At noon of that day, vaginal plug detection was recorded as embryonic day (E) 0.5. Mouse experiments were performed in accordance with the guidelines of the animal ethics committee of Kyushu University Graduate School of Medicine, Japan.

Immunoblotting
--------------

Briefly, cells were lysed with lysis buffer (50 mM Tris--HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl and 0.5% NP-40) and then subjected to immunoblotting as described elsewhere ([@gks774-B37]). Signals were visualized with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and an enhanced chemiluminescence reagent (GE Healthcare, Piscataway, NJ). Chemiluminescence was recorded and quantified with a chilled charge-coupled device camera (LAS1000plus).

Immunofluorescence imaging of mouse embryonic fibroblasts
---------------------------------------------------------

Immunofluorescence was carried out according to established techniques. Briefly, mouse embryonic fibroblasts (MEFs) were incubated in the presence of 500 nM MitoTracker Red (Invitrogen) for 20 min. Cells were fixed and permeabilized, then incubated with a 1:200 dilution of anti-p32 serum in PBS/1% bovine serum albumin (BSA) for 1 h. Glass slides were mounted using Superfrost (Matsunami). Fluorescence images were obtained using a confocal laser microscope (Nikon).

Antibodies
----------

Polyclonal antibodies against mouse p32, HA, TFAM, LRPPRC and VDAC were raised in our laboratory. Antibodies against COXI, COXIII, NDUFA9, SDHA, UQCRFS1, ATP synthase and COXVa were purchased from Invitrogen. Antibodies against β-actin, MRPS22, MRPS29 and MRPL3 were purchased from Sigma, Proteintech Group Inc, BD Biosciences and Abcam, respectively. Alexa 488-conjugated anti-rabbit and anti-mouse IgG for fluorescence microscopy, Alexa 568-conjugated anti-mouse IgG for fluorescence microscopy of paraffin-embedded tissue sections, HRP-conjugated anti-mouse IgG and diaminobenzidine (DAB) for BrdU staining were all purchased from Nichirei.

MEF culture and cell proliferation assay
----------------------------------------

SV40 large T antigen-immortalized MEFs were generated from E14 p32flox/flox C57BL/6 embryos by standard methods. MEFs and HeLa cell were cultured in Dulbecco's modified Eagle's medium (DMEM) (1000 mg/l glucose) supplemented with 10% FBS at 37°C in a humidified atmosphere with 5% CO~2~. For cell proliferation assay, MEF cells (1 × 10^4^) were seeded in triplicate in 35 mm dishes and cultured in DMEM (1000 mg/l glucose) plus dialyzed 10% fetal bovine serum (FBS) without pyruvate. Cells were trypsinized and counted daily for up to 96 h using a Coulter Counter (Beckman Coulter). Pyruvate (1 mM), uridine (0.2 mM) and glucose (3500 mg/l) were added on Days 0 and 4. We used dialyzed FBS to remove small molecules such as uridine and pyruvate.

RNA band-shift assays
---------------------

RNA electrophoretic mobility shift assays (REMSAs) were carried out according to established techniques. Briefly, a synthesized oligonucleotide probe (DNA or RNA) was end-labeling in the presence of \[γ-^32^P\]ATP by a T4 polynucleotide kinase. To form RNA--protein complexes, the indicated amount of purified His-p32 was incubated with the ^32^P-labeled oligonucleotide probe at 25°C for 30 min in binding buffer \[10 mM HEPES, pH 7.6, 3 mM MgCl~2~, 20 mM KCl, 1 mM dithiothreitol (DTT), 50 U RNase inhibitor (Toyobo) and 5% glycerol\]. Heparin (5 μg) was added for a further 10 min incubation to prevent non-specific binding. Samples were electrophoresed in a 6% non-denaturing polyacrylamide gel in Tris--borate buffer. Gels were dried and visualized using a BAS2500 (Fuji).

Sucrose gradient analysis of mitochondrial ribosomes
----------------------------------------------------

MEFs were solubilized in a non-ionic detergent (1% lauryl maltoside). Total cell lysates (2 mg) were loaded onto a 15--30% sucrose density gradient in 20 mM Tris--HCl, pH 7.5, 150 mM NaCl and 1 mM CaCl~2~, and then centrifuged at 100 000*g* for 3 h at 4°C in a swinging bucket rotor (SW 40.1; Beckman Coulter). After separation, 17 fractions were precipitated by 10% trichloroacetic acid and washed in acetone, and then the entire fraction was resolved by SDS--polyacrylamide gel electrophoresis (PAGE).

ATP quantification
------------------

Cellular ATP was quantified using an ATP-determination kit according to the manufacturer's instructions (Promega). Briefly, four MEFs, plated at equal densities, were lysed in passive lysis buffer (Promega). Equal volumes of cell lysate were added to the standard reaction solution, and luminescence was measured and normalized to the protein amount in each lysate. The values used were in the linear range of the assay as determined by a standard curve.

Oxygen consumption assay
------------------------

Oxygen consumption was measured as described elsewhere ([@gks774-B38]). MEFs were trypsinized, PBS washed twice and then permeabilized with 0.1 μg/ml digitonin. The optimum incubation time for permeabilization (50 s for MEFs) was determined for each cell line as the shortest time after which 99% of cells were trypan blue-positive. Cells were placed into the reaction chamber of a Clark-type electrode (Hansatech), and oxygen concentrations were measured in 1 ml volumes at 37°C with substrates (glutamate + malate, succinate + glycerol-3-phosphate; Sigma) and inhibitors according to standard protocols ([@gks774-B39]). Oxygen consumption was represented as the mean ± SD, nanomoles O~2~ consumed per minute per cell.

Expression constructs
---------------------

The expression construct containing mouse p32 cDNA was generated by standard methods. Site-directed mutagenesis to generate p32 mutants K89A and K93A was performed using methods described elsewhere ([@gks774-B37]). cDNAs of wild-type and mutant K89A/K93A p32 were cloned into the BamHI/XhoI sites of the expression vector pcDNA3 (Invitrogen).

Immunoprecipitation using anti-HA antibodies
--------------------------------------------

Immunoprecipitation (IP) was carried out according to established techniques ([@gks774-B37]). Doxycycline-induced and non-induced HeLa (p32-HA) cells (1 × 10^8^ cells) and MEF cells were homogenized and centrifuged at 900 *g* for 10 min. The supernatant (adjusted to 10% Percoll) was overlaid on a discontinuous Percoll density gradient (4 ml of 40% and 4 ml of 20% Percoll buffer; GE Healthcare) in a 12 ml centrifugation tube. After centrifugation at 60 000*g* for 1 h using a SW41-Ti rotor (Beckman Coulter), the mitochondrial phase located in the middle of the tube was collected. Two to three milligrams of mitochondrial protein were solubilized in 1 ml IP buffer (10 mM Tris--HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40 and 0.1% SDS) containing 40 µl of beads coated with anti-HA or anti-p32 antibody. After 12 h of rotation, the beads were washed four times with IP buffer and eluted with 0.1 M glycine (pH 2.5).

Pulse-labeling of mitochondrial translation products
----------------------------------------------------

Mitochondrial translation products were pulse-labeled *in vitro* with \[^35^S\]-(methionine and cysteine) (GE Healthcare). In experiments where the label was chased, cells were incubated for 6 min in 100 µg/ml emetine or 250 µg/ml chloramphenicol prior to labeling for 60 min. Labeled cells were then rinsed with an Hypotonic buffer (10 mM Tris--HCl, pH 7.4, 150 mM MgCl~2~, 10 mM KCl). After centrifugation at 1150*g* for 5 min, cell pellets were resuspended in loading buffer consisting of 93 mM Tris--HCl, pH 6.7, 7.5% glycerol, 1% SDS, 0.25 mg/ml bromophenol blue and 3% mercaptoethanol. The total lysate was then subjected to 15% SDS-PAGE for 3 h at 180 V. Gels were measured using a BAS2500 (Fuji).

RNA co-IP with p32-HA protein
-----------------------------

Briefly, HeLa whole cell lysates induced by doxycycline were first precleared with 50 µg rabbit IgG (Bio-Rad) for 15 min at 4°C, followed by binding to anti-HA-coated agarose beads or anti-LRPPRC antibody with protein G agarose for 12 h at 4°C. Then, p32-HA was eluted using glycine (pH 2.5), and RNA was extracted with an RNAeasy kit (Qiagen). The eluted RNA was treated with 100 U DNase I at 37°C for 20 min, and then the RNA was purified again with an RNAeasy kit.

Activity of respiratory mitochondrial complex
---------------------------------------------

MEFs were lysed in a hypotonic buffer (2.5 mM Tris--HCl, pH 7.5 and 2.5 mM MgCl~2~) on ice for 15 min, and then sonicated for 15 s (25% output, duty cycle; TAITEC) to measure respiratory complex activity.

To detect complex I activity, spectrophotometric assays were performed to evaluate NADH:Q oxidoreductase activity at 30°C by monitoring the decrease in the absorbance of nicotinamide adenine dinucleotide reduced form (NADH) at 340 nm, as described elsewhere ([@gks774-B40]). Briefly, 10 μM decylubiquinone (artificial electron acceptor), 2 μg antimycin A (complex III inhibitor), 5 mM sodium azide (NaN~3~) (complex IV inhibitor) and 0.5 mg whole-cell lysate were mixed in 1 ml standard reaction medium (2.5 mM MgCl~2~ and 50 mM inorganic phosphate, pH 7.3). The reaction was initiated with 100 μM NADH. The activity of the enzyme was determined by the difference of absorbance with and without 1.25 μg rotenone (complex I inhibitor). Data were expressed as nmol NADH oxidized/min/μg protein.

Succinate dehydrogenase (complex II) activity was determined spectrophotometrically at 30°C ([@gks774-B41]). Briefly, the reaction was initiated with 50 μM dichlorophenolindophenol (DCPIP; used as an artificial electron acceptor) in 1 ml standard reaction medium supplemented with 20 mM succinate, 2 μg rotenone, 2 μg antimycin A, 5 mM NaN~3~ and 0.1 mg whole-cell lysate.

Cytochrome c reductase (complex III) activity was evaluated spectrophotometrically at 30°C by monitoring the increase in absorbance at 550 nm of cytochrome c. Briefly, the reaction was initiated by the addition of 5 mM reduced decylubiquinone to 1 ml standard reaction medium supplemented with 2 μg rotenone, 5 mM NaN, 60 μM cytochrome c and cell lysate. The reaction was stopped by addition of 2 μg Antimycin A.

Cytochrome c oxidase (complex IV) activity was determined spectrophotometrically at 550 nm at 30°C ([@gks774-B42]). Briefly, the reaction was initiated by the addition of 50 μg whole-cell lysate to 1 ml standard reaction medium supplemented with 20 μM ferrocytochrome c.

mRNA quantification
-------------------

RT of 1 µg total RNA was performed with random hexamer primers using SuperScript II RT (Invitrogen) according to the manufacturer's instructions. The expression of mitochondrial genes was detected by qPCR with a thermal cycler (StepOne plus; Applied Biosystems). PCR primers are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1).

Measurement of mitochondrial membrane potential
-----------------------------------------------

Mitochondrial membrane potential (Δψm) was estimated using a JC-1 probe (Invitrogen). This reagent is a highly reliable, cationic and mitochondria-specific fluorescent dye, which becomes concentrated in mitochondria in proportion to the membrane potential, because it is highly lipophilic. Increasing amounts of dye accumulate in mitochondria with increasing Δψm and ATP-generating capacity. The dye is present as monomers at lower concentrations (green fluorescence), but at higher concentrations forms J-aggregates (red fluorescence). The ratio of the fluorescence at 590 nm to that at 527 nm represents the relative Δψm value. Fluorescence was measured at the two wavelengths by a FACS Caliber (Becton Dickinson).

RESULTS
=======

Disruption of *p32* causes embryonic lethality
----------------------------------------------

To experimentally address the function of p32 in a physiological *in vivo*context, we used gene targeting to generate p32-deficient mice. We constructed a gene replacement vector that introduced a gene cassette, consisting of the neomycin resistance gene (*Neo*) and flanking *loxP* sites upstream and downstream of exon 3, into the endogenous *p32* gene ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). After injection of embryonic stem cells harboring the targeted allele, germline transmission was confirmed by Southern blotting and PCR analysis ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1) and [S1C](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). Heterozygous *p32*^+/−^ mice were generated by breeding *p32*^fl/+^ mice with a *Cre* transgenic mouse strain (EII-Cre) allowing universal expression of Cre-recombinase in all tissues. Intercrosses of *p32*^+/−^ mice revealed no viable *p32*^−/−^ offspring ([Supplementary Figure S1D](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1) and [Table 1](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). To determine the time at which the p32 mutant became lethal, we examined embryos from *p32*^+/−^ intercrosses at various developmental stages. In contrast to wild-type embryos, the growth of *p32*^−/−^ embryos appeared retarded as early as E10.5. Most *p32*^−/−^ embryos had been resorbed by E11.5, and therefore *p32*^−/−^ embryos died between E10.5 and E11.5.

The phenotype of *p32*^−/−^ embryos included markedly shrunken, poorly developed, pale and anemic organs ([Figure 1](#gks774-F1){ref-type="fig"}A). p32 protein was absent from *p32*^−/−^ embryos. In E10.5 *p32*^−/−^ embryos, BrdU incorporation revealed that cells did not proliferate in various tissues including the brain, heart and liver. These data suggest that growth retardation, smaller size of organ and severe anemia account for the embryonic lethality of the p32 mutation. Figure 1.Disruption of p32 causes embryonic lethality. (**A**) Whole mounts of E10.5 *p32*^−/−^ embryos and histological analysis of *p32*^−/−^ embryos compared with those of wild-type *p32*^+/+^ littermates. Photomicrographs (upper left) and hematoxylin and eosin (HE) staining (upper right) are shown. Pregnant mice were injected with BrdU at 2 h prior to dissection. Sections of *p32*^+/+^ and *p32*^−/−^ embryos at E10.5 were stained with BrdU (lower left) or an anti-p32 antibody (lower right). *In vivo* labeling with BrdU revealed arrest of proliferation in E10.5 embryos. Scale bars: 500 µm. (**B**) Immunofluorescence staining of p32 and MitoTracker Red in wild-type and p32-knockout cells. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). MEFs were treated with MitoTracker Red (500 nM) for 20 min before p32 staining. Cells were fixed, fluorescently stained by anti-p32 antibodies, and then analyzed by confocal microscopy. The lower panel shows merged images. Scale bar: 20 μm. Table 1.p32 deficiency causes embryonic lethalityGenotypeDisintegrated or resorbedTotal+/++/−−/−E8.58195532E9.51735151767E10.551671028E11.54156425E12.5192312E13.53211225Newborn2141062[^2]

Establishment of p32-knockout MEFs
----------------------------------

To define the functional consequences of *p32* deletion, MEFs were isolated from homozygous *p32*^flox/flox^ embryos and infected with a adenovirus encoding Cre-recombinase, which led to efficient deletion of p32 *in vitro*. We also immortalized *p32*^−/−^ cells by transfection with a plasmid vector encoding the SV40 large T antigen. Western blot analysis confirmed the absence of p32 in *p32*^−/−^ cells and half wild-type p32 levels in *p32*^+/−^ cells ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). *p32*^−/−^ MEFs exhibited an enlarged and flattened cell morphology compared with that of *p32*^+/+^ MEFs, suggesting that loss of p32-induced cell morphological change.

Abnormal mitochondrial morphology in *p32*^−/−^ MEFs
----------------------------------------------------

Maintenance of proper mitochondrial morphology is critical for the function of this organelle. The basic morphology of mitochondria in cells is a dynamic tubulovesicular reticulum. Mitochondrial morphology changes dynamically as a result of a balance in the fusion and fission occurring in response to cellular energy demands, differentiation and pathological conditions ([@gks774-B43],[@gks774-B44]). Therefore, we determined the effect of p32 depletion on the morphology of mitochondria using Mitotracker Red in *p32*^+/+^ and *p32*^−/−^ MEF cell lines. In wild-type cells, p32 colocalized to the tubulovesicular mitochondria. In contrast, upon loss of p32, the tubular mitochondrial organization shifted to a punctate, granular shape ([Figure 1](#gks774-F1){ref-type="fig"}B). This result suggests that the loss of p32 exhibited tubulovesicular morphological change.

Establishment of mitochondrial re-expression of p32
---------------------------------------------------

To directly confirm that p32 regulated mitochondrial function, we expressed mitochondria-targeted and cytoplasmic forms of p32 in *p32*^−/−^ MEFs. We obtained stable *p32*^−/−^ MEFs that expressed a low level of mitochondrially targeted p32 (immature) ([Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). The recombinant p32 was the same size as endogenous p32, suggesting that we successfully restored p32 expression in knockout cells, albeit at low levels. The cDNA construct encoded a p32 protein lacking the first 71 amino acids, which produced a cytoplasm-only p32. The expression level of this cytoplasm-only p32 was significantly lower than that of the mitochondria-targeted p32 ([Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). We were able to observe the cytoplasmic p32 only after inhibition of proteasomal degradation with MG-132 ([Supplementary Figure S3C](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). These data suggest that cytoplasmic p32, which is unable to localize to the mitochondria, is extremely unstable in MEFs.

Loss of p32 reduced complex activity
------------------------------------

We first sought to investigate a possible role for p32 in OXPHOS. The electron transport chain consists of five multi-subunit enzymatic complexes formed from the products of both nuclear and mitochondrial genes. We measured the activities of the electron transport chain complexes by spectroscopic assays that revealed the activities of complexes I, III and IV were strongly reduced in *p32*^−/−^ cells, while the activity of complex II was unchanged ([Figure 2](#gks774-F2){ref-type="fig"}A). Interestingly, complex II is the only OXPHOS complex encoded exclusively by nuclear DNA. Re-expression of p32 in *p32*^−/−^ cells partially restored complex I, III and IV activities. These finding suggested that p32 might be involved in mtDNA-related protein function because complexes I, III and IV include proteins encoded by mtDNA. Figure 2.Reduced mitochondrial respiratory activities in *p32*^−/−^ MEFs. (**A**) The activity of each complex was measured using cell lysates as described in 'Materials and Methods' section. Reduced enzymatic activities of mitochondrial complexes I, III and IV in p32-knockout cells were observed. In contrast, complex II activity was not decreased. Re-expression of p32 in *p32*^−/−^ cells restored the enzymatic activities of complexes I, III and IV. The results represent the mean ± SD of three independent experiments. \**P \<*0.05; \*\**P \<*0.01 versus controls (p32^+/+^ versus p32^−/−^ and p32^−/−^versus p32^−/−^::p32). (**B**) Oxygen consumption by digitonin-permeabilized wild-type (*p32*^+/+^) and knockout (*p32*^−/−^) MEFs. Glutamate and malate (glu+mal) respiration depends on the activities of complexes I, III and IV; glycerol-3-phosphate and succinate (G3P+suc) respiration depends on the activities of complexes III and IV. Rotenone (a complex I inhibitor) and Antimycin A (a complex III inhibitor) completely inhibit O~2~ consumption at each step. Data show the mean ± SD of triplicate experiments and \*\**P \<*0.01 versus controls (p32^+/+^ versus p32^−/−^). (**C**) Decreased mitochondrial membrane potential in p32-knockout MEFs. MEFs were stained with the fluorescent dye JC-1 and then analyzed by flow cytometry at 527 and 590 nm. The fluorescence ratio of JC1 dimer (Red)/JC-1 monomer (Green) is shown. Dissipation of the membrane potential with CCCP was used as a control. (**D**) Effects of 2-deoxy-[d]{.smallcaps}-glucose (2DG) (20 mM) and oligomycin (10 μM) on intracellular ATP content in MEFs. The ATP content in untreated MEFs is presented in lane 1. The ATP concentration of untreated MEFs (lane 1) was subtracted from that of 2DG-treated MEFs (lane 2) for assessment of glycolytic ATP production (lanes 1 and 2). The ATP concentration in 2DG-treated cells (lane 2) was subtracted from that in cells treated with 2DG + oligomycin (lane 3) for mitochondrial ATP production (lanes 2--3). Wild-type (*p32*^+/+^), p32-knockout (*p32*^−/−^), re-expressed p32 (*p32*^−/−^::*p32*) and vector only-transfected (*p32*^−/−^::vector) MEFs were used. The ATP response was measured using a Luminescence ATP assay kit in a 96-well plate. Data show the mean ± SD of triplicate experiments. (**E**) Cell proliferation monitored in MEFs. Upper panel: the diamonds, squares, triangles and circles represent wild-type MEFs (*p32*^+/+^), p32-knockout MEFs (*p32*^−/−^), knockout MEFs with reintroduced *p32* cDNA (*p32*^−/−^::*p32*) and knockout MEFs with introduced vector-only cDNA (*p32*^−/−^::vector), respectively. Lower panel: pyruvate (1 mM) was added to wild-type and *p32*^−/−^ MEFs. The cell number was counted at 24, 48, 72 and 96 h after seeding. Here, we used DMEM (1000 mg/l glucose) supplemented with 10% dialyzed FBS without pyruvate.

Mammalian p32 is required for oxidative respiration
---------------------------------------------------

To further test mitochondrial OXPHOS function, we measured cellular respiration by polarographic assays of digitonin-permeabilized cells. Oxygen electrode studies showed a 3-fold decrease in oxygen consumption dependent on complexes I + III + IV (glutamate + malate) and complexes III + IV (succinate + G3P) in p32-knockout MEFs compared with those of wild-type MEFs ([Figure 2](#gks774-F2){ref-type="fig"}B), indicating that p32 is required for mitochondrial respiration. Decreased respiration in p32-knockout MEFs suggests a reduction in functional respiratory complexes.

p32-knockout MEFs show reduced mitochondrial membrane potential and ATP production
----------------------------------------------------------------------------------

We suspected that p32-mediated inhibition of the mitochondrial respiratory chain may affect the mitochondrial membrane potential (Δψm). The Δψm value was measured using JC-1, a fluorescent dye sensitive to mitochondrial membrane potential. The Δψm values of p32-knockout MEFs were lower than those of wild-type MEFs ([Figure 2](#gks774-F2){ref-type="fig"}C). Carbonyl cyanide 3-chlorophenylhydrazone (CCCP)-treated cells served as a positive control for depolarization of the mitochondrial membrane.

Because mitochondria are the cellular powerhouses for energy production, we measured ATP levels in wild-type and *p32*^−/−^ MEFs. In wild-type cells, the inhibition of glycolysis by 2-deoxy-glucose (2DG) only slightly decreased the ATP level ([Figure 2](#gks774-F2){ref-type="fig"}D, upper set, p32^+/+^, lane 2) probably because pyruvate in DMEM supported mitochondrial OXPHOS. After oligomycin, an inhibitor of complex V, was added together with 2DG, the cellular ATP level was strongly decreased ([Figure 2](#gks774-F2){ref-type="fig"}D, upper set, p32^+/+^, lane 3), indicating that wild-type MEFs were largely dependent on mitochondrial ATP production (see lower set and legends for calculation). The total ATP level was rather higher in p32-knockout MEFs than in wild-type MEFs ([Figure 2](#gks774-F2){ref-type="fig"}D, upper set, p32^+/+^, lane 1 and p32^−/−^, lane 1). A marked decrease in mitochondrial ATP production by 2DG was observed in the knockout MEFs (upper set, p32^−/−^, lane 2) and further addition of oligomycin marginally decreased the ATP production (upper set, p32^−/−^, lane 3), indicating that p32-knockout MEFs mostly depends on glycolytic ATP production. The decrease in mitochondrial ATP production may be over-compensated by glycolytic ATP production that was estimated by 2DG-sensitive cellular ATP ([Figure 2](#gks774-F2){ref-type="fig"}D, lower set table). Re-expression of p32 in *p32*^−/−^ cells restored mitochondrial ATP production, but not the introduction of an empty vector, indicating that p32 is required for efficient ATP production via OXPHOS.

Retarded proliferation of *p32^−/−^* MEFs
-----------------------------------------

To assess potential defects in proliferation caused by mitochondrial OXPHOS dysfunction, we cultured cells at a standard concentration of glucose (1000 mg/l) without pyruvate, which allowed easier observation of the effects of glucose on OXPHOS. We dialyzed FBS to remove small molecules such as uridine and pyruvate. As shown in [Figure 2](#gks774-F2){ref-type="fig"}E, proliferation of p32-knockout MEFs was strongly retarded compared with that of wild-type cells. Re-expression of p32 in *p32*^−/−^ MEFs rescued the growth retardation, indicating that p32 is important for normal cell proliferation.

Cells depleted of mtDNA would require high glucose, pyruvate and uridine for proliferation. To determine whether the addition of high glucose, pyruvate or uridine could rescue the proliferation of *p32*^−/−^ MEFs, we added each of these supplements separately. Only pyruvate (1 mM) was able to rescue the proliferation of *p32*^−/−^ MEFs ([Figure 2](#gks774-F2){ref-type="fig"}E, lower panel); addition of high glucose (3500 mg/l) and uridine (0.2 mM) did not rescue proliferation (data not shown). Taken together with no decrease of cellular ATP in *p32*^−/−^ MEFs ([Figure 2](#gks774-F2){ref-type="fig"}D), these results suggest that impaired regeneration of NAD^+^ (probably by complex I) is particularly critical for the retardation of *p32*^−/−^ MEF proliferation.

No decreased mtDNA copy number and RNA expression
-------------------------------------------------

We measured the mtDNA copy number because the observed defects were likely related to mtDNA. The normal copy number of mtDNA was confirmed by qPCR, which excluded defects of mtDNA replication and/or repair as a cause of compromised protein synthesis ([Figure 3](#gks774-F3){ref-type="fig"}A). To determine whether p32 affected the transcription of mtDNA, total RNA was isolated from cells and was assessed by qRT--PCR ([Figure 3](#gks774-F3){ref-type="fig"}B). The steady-state level of 12S and 16S rRNA did not show a significant change between wild-type and *p32*^−/−^ MEFs. No mtDNA-encoded mRNAs showed a decrease in p32-knockout MEFs compared with those in wild-type cells, although the levels of *ND1* and *ND6* transcripts were increased two-fold in knockout cells. The RNA expression levels in p32-re-expressed cells were also not significantly changed compared with those in wild-type cells ([Figure 3](#gks774-F3){ref-type="fig"}B). Thus, p32 knockout did not cause a decrease in mtDNA-encoded transcripts. These results suggest that p32 deficiency does not affect the amounts of mtDNA or mRNAs. Figure 3.MtDNA copy number, RNA and protein expression in *p32*^−/−^ MEFs. (**A**) The amount of mtDNA per cell was estimated based on the ratio of mtDNA/nuclear (n)DNA (ND2/AT-III). The relative mtDNA amount between *p32*^−/−^ and *p32*^+/+^ cells is shown. (**B**) Real-time PCR quantification of mitochondrial gene transcript levels isolated from wild-type (*p32*^+/+^) MEFs, p32-knockout (*p32*^−/−^) MEFs, and knockout MEFs with reintroduced *p32* cDNA (*p32*^−/−^::*p32*). Two nuclear-encoded RNA species (*β-actin* and *18S* rRNA) were also quantified. Data were normalized to the expression level in wild-type *p32*^+/+^ MEFs for each RNA species. Data show the mean ± SD of triplicate experiments and \**P \<*0.05; versus controls (p32^+/+^ versus p32^−/−^). (**C**) Expression of mitochondrial proteins. Crude mitochondria were prepared from equal amounts of MEFs. Ten micrograms of protein for each sample was loaded. Blots were incubated with the indicated antibodies. Lane 1, wild-type MEFs; lane 2, p32-knockout MEFs; lane 3, knockout MEFs with reintroduced *p32* cDNA; lane 4, knockout MEFs with introduced vector-only cDNA. Mt: OXPHOS protein encoded by mitochondria DNA; N: OXPHOS protein encoded by the nucleus. (**D**) *In vivo* mitochondrial translation was performed for 60 min using the cell lysates. The products were labeled during the reaction with a mixture of \[^35^S\]-methionine and \[^35^S\]-cysteine in the presence of emetine and/or chloramphenicol, and then detected by autoradiography after SDS--PAGE (upper panel). Deficient translation was observed in p32-knockout cells (lane 3). Equal loading was confirmed by CBB staining following exposure (lower panel). Lanes 1 and 2, wild-type MEFs; lane 3, p32-knockout MEFs; lane 4, knockout MEFs with reintroduced *p32* cDNA; lane5, knockout MEFs with introduced p32::K89A/K93A mutant; lane 6, knockout MEFs with vector-only cDNA. The protein indicated are representative proteins based on their molecular weight.

Knockout of p32 decreases mitochondria- and nuclear-encoded proteins in mitochondria
------------------------------------------------------------------------------------

mtDNA encodes 13 polypeptides/subunits of the mitochondrial electron respiratory chain. To determine why depletion of p32 caused a respiratory defect, we measured the expression of several members of the respiratory chain by western blotting. Knockout of p32 resulted in a decrease in COXI and COXIII, subunit I and III of complex IV, which is encoded by mtDNA ([Figure 3](#gks774-F3){ref-type="fig"}C). The loss of nuclear-encoded complex III subunit (UQCRFS1) may reflect the instability of the complex, which arises from general loss of mtDNA-encoded components, as shown later ([Figure 3](#gks774-F3){ref-type="fig"}D). NDUFA9 (complex I) was slightly decreased in knockout cells. ATP synthase (complex V) barely changed. Re-expression of p32 in p32-knockout MEFs (*p32*^−/−^::*p32*) restored mtDNA-encoded COXI, COXIII and nuclear-encoded NDUFA9, and UQCRFS1, but introduction of the vector only (*p32*^−/−^::vector) did not rescue the levels of these proteins. There were no differences in the expression level of the complex II 70-kDa subunit (SDHA) or in the levels of mitochondrial proteins VDAC, mitochondrial ribosomal protein (MRP) S29 and S22, again indicating that p32 knockout specifically affects the levels of complexes I, III and IV.

Reduced mitochondrial translation rate
--------------------------------------

Next, to investigate the defect in mitochondrial protein synthesis, wild-type and knockout MEFs were pulse-labeled with a mixture of \[^35^S\]-methionine and \[^35^S\]-cysteine. To distinguish between proteins synthesized in the cytoplasm and mitochondria, cells were pre-treated with emetine and/or chloramphenicol, which are specific inhibitors of cytoplasmic and mitochondrial protein synthesis, respectively. Electrophoresis of whole-protein extracts from emetine-treated cells showed radioactive bands in the control ([Figure 3](#gks774-F3){ref-type="fig"}D, lane 2). This profile clearly showed the products of mitochondrial protein synthesis. The synthesis of these proteins was completely inhibited by chloramphenicol (lane 1), confirming mitochondrial protein synthesis. This mitochondrial protein synthesis was strikingly reduced in p32-deficient cells (lane 3). This reduced protein synthesis was not caused by a reduction of mitochondrial mass, because there were no differences in the levels of mitochondrial proteins VDAC, MRPS29 and MRPL3, as shown in [Figure 3](#gks774-F3){ref-type="fig"}C, which indicated that the mitochondrial mass in p32-deficient cells was normal. Re-expression of p32 in p32-deficient MEFs partially recovered the translation (lane 4). These results suggest that p32 deficiency results in a defect of mitochondrial protein synthesis.

Depletion of p32 affects mitoribosome distribution
--------------------------------------------------

Protein synthesis within mitochondria is performed by 55S mitoribosomes, which consist of a small 28S subunit and a large 39S subunit. There were no differences in the levels of mitoribosomal proteins such as MRPS29, MRPS22 and MRPL3, indicating that the total quantity of mitoribosomal subunits in p32-deficient cells was not largely affected ([Figure 3](#gks774-F3){ref-type="fig"}C). To clarify the role of p32 in mitochondrial translation, we analyzed sedimentation profiles in a sucrose density gradient ([Figure 4](#gks774-F4){ref-type="fig"}A and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). The small and large subunits were traced with antibodies against MRPS29 and MRPL3, respectively, and were compared between wild-type, p32-knockout and p32-re-expressed MEFs. Similar levels of the 28S small subunit (fractions 5--6) and 39S large subunit (fractions 7--8) were found in the MEFs of these three cell lines. The 55S mitoribosome was mainly distributed in fractions 9 and 10 observed as the second peaks in MRPS29 and MRPL3 plots ([Figure 4](#gks774-F4){ref-type="fig"}B). However, in *p32*^−/−^ cells, 55S formation were decreased. In p32-re-expressed cells, 55S ribosome formation was slightly recovered (fractions 9--10). The mitoribosomes broadly spanning the heavier fractions (fractions 11--16) may have represented translating multi-mitoribosomes or aggregated form. After treatment with EDTA in wild-type p32 MEF cells, 55S mitoribosome and heavier ribosome (fractions 11--16) were decreased and resemble as the *p32*^−/−^ cells pattern ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). These results suggested that p32 deficiency barely affected mitoribosome biogenesis (monosome formation), but did affect the formation of functioning 55S mitoribosomes. Though p32 mainly existed in the lighter fractions 1--4, it was also found in fractions 5--16. Considering that p32 is an abundant and multi-associated protein, p32 may functionally interact with the mitoribosome, although it is not integrated into it. Taken together, we theorize that p32 depletion somehow affects the formation of a functioning mitoribosome. Figure 4.Reduction of p32 results in decreased mitoribosomes. (**A**) Upper panels: Sedimentation analysis of mitoribosomal particles by centrifugation via a linear 15--30% sucrose density gradient. Fraction numbers are indicated. The migration of mitoribosomal particles in wild-type (+/+), p32-knockout (^−/−^) MEFs and p32 re-expressed (^−/−^::p32) MEFs was determined by immunoblotting with antibodies against MRPL3 (39S large subunit), MRPS29 (28S small subunit) and p32. Arrows indicate peaks of optical density for the S value markers. Asterisk (\*) shows non-specific band of MRPL3 and p32 at top fraction ([@gks774-B1; @gks774-B2]). (**B**) Representative blots were analyzed densitometrically. The signal intensity of the protein in each fraction was plotted. The maximum value was 100% for each protein level.

p32 binds to mitochondrial mRNA
-------------------------------

Protein--RNA interactions play essential roles in post-transcriptional control of gene expression, including in mRNA degradation and translational regulation. p32 was originally copurified with the pre-mRNA splicing factor SRSF1 from human HeLa cells ([@gks774-B22]). In addition, p32 was designated a mitochondrial RNA-binding protein by proteomic studies ([@gks774-B18]). These studies suggest an RNA-binding ability of p32. To test whether p32 was able to bind mitochondrial mRNA, hemagglutinin-tagged p32 (p32-HA) protein was expressed in HeLa cells and immunoprecipitated from total cell lysates. RNA was extracted from the immunoprecipitate (pellet). The p32-bound mRNAs were directly quantified by qRT--PCR and northern blotting ([Figure 5](#gks774-F5){ref-type="fig"} and [Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). After induction of p32-HA, a substantial enrichment of the immunoprecipitate was observed for all 11 mitochondrial transcripts analyzed, but cytoplasmic mRNAs (*MAPK6* and *β-actin*) were not enriched ([Figure 5](#gks774-F5){ref-type="fig"}A, left panel), confirming that p32 was able to interact with mitochondrial mRNA *in vivo*. After IP using the anti-p32 antibody and p32^+/+^ MEFs, we also observed that mitochondrial mRNAs, including ND1 and ND3 mRNAs, were enriched ([Figure 5](#gks774-F5){ref-type="fig"}A and B), suggesting that p32 was also bound to mitochondrial mRNA in mouse cells. Northern blotting showed that ND1 and COX1 mRNAs were detected at the same size after IP of p32, but cytoplasmic *β-actin* mRNA were not detected, which suggests that p32 was bound to these intact mitochondrial mRNAs ([Figure 5](#gks774-F5){ref-type="fig"}C). We observed that the LRPPRC which RNA binding to mtRNA were reported ([@gks774-B45]), was not bound to mitochondrial mRNA in this experimental condition ([Figure 5](#gks774-F5){ref-type="fig"}A, right panel) or TFAM which bind to mtDNA was also not bound (data not shown). Enrichment of *12S* and *16S* rRNAs was also observed ([Figure 5](#gks774-F5){ref-type="fig"}A). There are no mtDNA in IP sample, because of no detection of PCR product without reverse transcriptase treatment (data not shown). 12S and 16S rRNAs were likely to be enriched via ribosome binding because western blotting of the eluates from the IPs showed that large and small mitoribosomal subunit proteins, MRPS22 and MRPL3, were co-immunoprecipitated with p32-HA ([Figure 7](#gks774-F7){ref-type="fig"}). Taken together, these data are consistent with p32-association with all mitochondrial mRNAs in the mitochondrial matrix. Figure 5.p32 interaction with RNA and the mitoribosome. (**A**) p32 is associated with mitochondrial RNA in HeLa cells. p32-HA expression in HeLa cells was induced with doxycycline (DOX+) or not (DOX--). HA-tagged p32 was immunoprecipitated (left panel). LRPPRC was also immunoprecipitated using the LRPPRC antibody and confirmed the IP by western blotting (right panel). The each RNA levels were measure by qPCR and the ratio of each RNA level (LRPPRC/IgG) is shown for mitochondria- and nuclear-encoded genes. (**B**) In MEF cells, p32 were immunoprecipitated using the p32 antibody. Then RNA was extracted from the immunoprecipitated samples and each RNA species was measured by qPCR as described in the materials and methods. The ratio of each RNA level (p32/ IgG) is shown for mitochondria- and nuclear-encoded genes. (**C**) Co-IP of RNA visualized on northern blot analysis in HeLa cells. RNA from whole-cell lysates (lanes 1 and 2) and immunoprecipitants with anti-HA (lanes 3 and 4) were loaded on gels. Northern blot analysis was performed using ND1, COX1 and β-actin probes.

p32 binds to RNA oligonucleotides *in vitro*
--------------------------------------------

Because p32 deficiency did not reduce mtDNA transcripts or affect biogenesis of mitoribosomes ([Figures 3](#gks774-F3){ref-type="fig"}C and [4](#gks774-F4){ref-type="fig"}A), and p32 interacted with all mitochondrial mRNAs ([Figure 5](#gks774-F5){ref-type="fig"}A and [Figure 5](#gks774-F5){ref-type="fig"}B), we considered that p32 may bind to mRNAs via their poly(A) tail or in a sequence-independent manner. To test this hypothesis, we investigated the interaction of recombinant p32 protein with several RNA oligonucleotides *in vitro*. A REMSA showed that recombinant p32 protein clearly bound to a 22-mer poly(A) RNA in a dose-dependent manner ([Figure 6](#gks774-F6){ref-type="fig"}A, lanes 1--7), while control glutathione-*S*-transferase (GST) protein and recombinant histidine (His)-tagged TFAM protein did not, indicating that this interaction was not mediated by the GST- or His-tag ([Figure 6](#gks774-F6){ref-type="fig"}A, lanes 14-19). An interaction was not observed with a single-stranded, 22-mer poly(A) DNA oligonucleotide ([Figure 6](#gks774-F6){ref-type="fig"}B, lanes 13--15), indicating that the p32 interaction was RNA-specific. The interaction with the 22-mer poly(U) RNA oligonucleotide was very weak (lanes 7--9). We also observed that recombinant p32 protein clearly bound to random 14- and 40-mer RNAs in a dose-dependent manner ([Figure 6](#gks774-F6){ref-type="fig"}B, lanes 19--21 and 25--27), indicating that the p32 interaction was not sequence-specific. Consistently, a competition assay showed that the retarded band was more strongly competed with by unlabeled 40-mer RNA than by 22-mer poly(A) RNA and 14-mer RNA ([Figure 6](#gks774-F6){ref-type="fig"}C), indicating that p32 bound to RNA with a length dependency. The retarded band was not competed with by unlabeled poly(A) DNA ([Figure 6](#gks774-F6){ref-type="fig"}C). These results suggest that p32 binds to mitochondrial mRNAs in a manner dependent on length, but not sequence. Figure 6.p32 binds to RNA oligonucleotides *in vitro*. (**A**) Upper: diagram of alignment in the α helix I of *Homo sapiens*, *Mus musculus*, *Pan troglodytes*, *Canis lupus*, *Bos taurus* and *Rattus norvegicus* p32. K89 and K93 in mouse p32 are shown as bold. Lower: purified wild-type and mutant p32, but not recombinant TFAM-His and GST proteins, bind to poly(A) oligonucleoside. Protein--poly(A) RNA complexes were separated by a REMSA using a 6% native polyacrylamide gel. An arrow indicates free probe. Recombinant wild-type and mutant proteins (2--20 μM) were incubated with 22-mer poly(A) RNA and then separated by a REMSA. Purified p32 bind to poly(A) oligonucleotide prefer to mutant p32. (**B**) The indicated amount of wild-type His-p32 and mutant His-p32 (K89A/K93A) fusion protein was incubated with ^32^P-labeled random 14-mer RNA, 40-mer RNA, 22-mer poly(A) RNA, 22-mer poly(U) RNA or 22-mer poly(A) DNA oligonucleotides at 25°C for 30 min. p32--oligonucleotide complexes were separated by a electrophoretic REMSA using a 6% native polyacrylamide gel. The arrow indicates free probe. (**C**) Competition assays were performed by adding unlabeled RNA or DNA. The indicated fold amount of unlabeled RNA or DNA (0.2×, 1.0× or 5.0× relative to the ^32^P-labeled probe) was incubated with recombinant p32 (4 μM) and ^32^P-labeled poly(A) RNA; the complexes were separated by native polyacrylamide gel electrophoresis. The arrow indicates free probe. The lower panel indicates the intensity of the complex band. The 100% value represents the intensity of the complex of recombinant p32 and ^32^P-labeled poly(A) RNA. (**D**) Expression of mitochondrial proteins. Cell lysates were prepared from equal amounts of wild-type MEFs, p32-knockout MEFs and MEFs with reintroduced wild-type *p32* cDNA, vector-only cDNA and mutant K89A/K93A *p32* cDNA. Blots were incubated with antibodies for the indicated proteins. Figure 7.p32 interact with several ribosomal protein. p32-HA expression in HeLa cells was induced with doxycycline (DOX+) or not (DOX--). Lysed mitochondria were immunoprecipitated with anti-HA agarose (left panel), and a lysate of p32^+/+^MEFs was immunoprecipitated with an anti-p32 antibody (right panel) followed by western blotting with antibodies for the indicated proteins.

Lysine acetylation is a reversible post-translational protein modification. In many proteins, the acetylation plays a key role in regulating gene expression and protein function. A global analysis of lysine acetylation revealed that lysines 91 and 95 of human p32 were acetylated ([@gks774-B46]). These basic amino acid residues in the α helix H1, which is located on the edge of p32, may be able to provide electrostatic interactions with the RNA phosphate groups, raising a possibility of the involvement of the two lysines in the RNA binding. Therefore, we focused on the corresponding lysines in mouse p32, i.e. helix 1 K89 and K93 ([Figure 6](#gks774-F6){ref-type="fig"}A, lanes 8--13). We constructed a double mutant, K89A/K93A, in which the two lysine residues were replaced by alanine. The RNA-binding activities of His-fusion wild-type and mutant p32 proteins to 22-mer poly(A) RNA, random 14-mer and random 40-mer RNAs were analyzed by a REMSA ([Figure 6](#gks774-F6){ref-type="fig"}B, lanes 4--6, 10--12, 22--24 and 28--30). Mutant p32 showed a very weak RNA--protein complex band. The dissociation constant (*K*~d~) of the complex for wild-type p32 was estimated to be 6 μM by a mobility-shift assay. However, the p32 lysine mutant diminished poly(A) affinity up to *K*~d~ 20 μM ([Figure 6](#gks774-F6){ref-type="fig"}A). This mutant p32 retained the same intact trimer structure as wild-type p32 as revealed by size exclusion chromatography ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). These results suggest that the lysine residues in α helix H1 are involved in this RNA binding.

To examine the importance of the RNA-binding activity of p32 in mitochondrial translation, we re-expressed wild-type and K89A/K93A mutant p32 in p32-knockout MEFs. The two p32 proteins were expressed to a similar degree ([Figure 6](#gks774-F6){ref-type="fig"}D, lanes 3 and 5 in the uppermost panel). p32 deficiency caused defects of mitochondrial COXI and COXIII (lanes 1 and 2). Re-expression of wild-type p32 restored COXI and COXIII (lane 3). However, re-expression of the lysine mutant p32 restored COXI and COXIII much more weakly than did the wild-type p32 (lane 5). There were no differences in the expression levels of SDHA and β-actin, indicating that the lysine residues of p32 partially affected the COXI and COXIII protein level. We also performed *in vivo* labeling using the K89A/K93A mutant and observed that translation synthesis of the p32 mutant was less than the re-expressed wild-type p32 ([Figure 3](#gks774-F3){ref-type="fig"}D, lanes 4 and 5). The COXI restoration ability of the K89A/K93A mutant was well correlated with its RNA-binding ability ([Figure 6](#gks774-F6){ref-type="fig"}A and D). These results suggest that the RNA-binding ability of p32 is important for mitochondrial protein synthesis in mammalian cells.

Proteins associated with human p32
----------------------------------

To further examine the association of p32 with translating mitoribosomes, we sought proteins that interacted with p32 in mitochondria. We immunoprecipitated p32-HA-associated proteins with anti-HA antibodies after cross-linking reactions in HeLa cells ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). The cross-linked proteins that were identified by LC--MS/MS are listed in [Table 2](#gks774-T2){ref-type="table"}. This analysis revealed many mitoribosomal proteins, supporting the role of p32 in the translation. In addition, many proteins that were related to nucleoids, RNA-binding and translation machinery were identified by LC-MS/MS. To confirm the association of p32 with ribosomal proteins, we carried out IP and western blotting using p32-HA-overexpressing HeLa cells and p32^+/+^ MEFs. Ribosomal proteins including MRPS22, MRPS29 and MRPL3 were detected in the immunoprecipitates. However, VDAC were not immunoprecipitated with anti-p32 antibodies ([Figure 7](#gks774-F7){ref-type="fig"}). These results suggest that p32 is associated with mitoribosomes in conjunction with all mitochondrial mRNAs for mitochondrial protein synthesis. Table 2.List of proteins identified in complex with p32FunctionGene28S ribosomalMRPS10MRPS2MRPS22MRPS23MRPS25MRPS26MRPS27MRPS28DAP3MRPS30MRPS34MRPS5MRPS9MRPS739S ribosomalMRPL12MRPL18MRPL19MRPL21MRPL22MRPL38MRPL4MRPL44MRPL45MRPL46ChaperoneHSPD1HSPA9HSPA8TRAP1TranslationERAL1TSFMTUFMRNA bindingLRPPRCPTCD3ProteaseLONP1CLPXTranscriptionTFB2MTFAMOthersPHBPHB2

DISCUSSION
==========

We have shown that p32 is essential for mouse embryonic development, based on the following evidence: (i) p32 is ubiquitously expressed in whole-mouse embryonic tissue; (ii) embryos lacking p32 are shrunken, show significantly arrested development and die at approximately E10.5; (iii) mitochondria in p32-deficient MEFs show morphological aberrations, whereas other organelles appear to be unaffected. These results suggest that mitochondrial p32 is a key molecule in mouse embryonic development.

The function of p32 in mitochondria was investigated in knockout MEFs: *p32*^−/−^ cells. The knockout cells show severely impaired activities of electron transfer chain complexes I, III and IV but not complex II, leading strong support to requirement of p32 for expression of the mitochondrial genome. We showed that p32 deficiency impairs protein synthesis, but does not cause loss of mtDNA and transcripts. We speculated that p32 can bind to mitochondrial mRNA, but p32 is not involved in stabilizing mitochondrial mRNA. There are many mitochondria RNA-binding protein such as PTCD1∼4 and LRPPRC which might be involved in stabilizing the mt-mRNA, suggesting that loss of p32 protein have no effect on the steady-state levels of mRNAs. Thus, p32 appears to be specifically required for mitochondrial protein synthesis. In sucrose gradient centrifugation and western blot experiments, p32-knockout cells exhibited normal mitoribosomal subunit assembly, but decreased 55S mitoribosomes, suggesting that p32 is not required for the subunit assembly, but is required for correct functioning of mitoribosomes with mRNA. Co-IP assays showed that p32 interacts with all mitochondrially encoded mRNAs, at least in part via poly(A) binding, and localizes close to the mitoribosome.

In this study, we obtained stable p32^−/−^ MEFs that expressed a low level of mitochondrially targeted p32 ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks774/DC1)). Even at low-level expression in p32^−/−^ MEFs, re-expression of p32 in *p32*^−/−^ cells partially restored complex activity, mitochondrial ATP production, cell proliferation and protein translation, suggesting that a small amount of p32 rescues the mitochondrial respiratory function via mitochondrial translational regulation. We successfully expressed p32 protein with the same plasmid up to a similar level of endogenous p32 in a human cancer cell line (data not shown), suggesting that the mechanism of p32 expression in MEFs is different from that in human cancer cells.

The Shine-Dalgarno sequence in the 5′-untranslated region of prokaryotes and the 7-methylguanylate cap structure in eukaryotic cell cytoplasm facilitate ribosome binding and direct the ribosome to the start codon. In contrast, mitochondrial mRNAs do not possess 5′-untranslated nucleotides or a cap structure ([@gks774-B13],[@gks774-B47]). The small subunit of mitoribosomes appears to tightly bind mitochondrial mRNA in a sequence-independent manner without initiation factors or an initiation tRNA([@gks774-B48]). However, the exact mechanisms of mRNA binding to mitoribosomes are unclear. Because of the unusual characteristics of mitochondrial mRNAs, it is thought that the mRNA 'entry gate' on the small subunit recognizes the unique unstructured 5′-sequence of mitochondrial mRNA ([@gks774-B49],[@gks774-B50]). Here, we observed that p32 is required for the association of mitochondrial mRNAs with mitoribosomes ([Figures 5](#gks774-F5){ref-type="fig"} and [7](#gks774-F7){ref-type="fig"}). One possible mechanism is that p32 mediates the binding of mRNA to the small subunit and consequently enhance 55S formation. In prokaryotes, it is believed that initiation of leaderless mRNA occurs in intact 70S ribosomes. In *p32*^−/−^ cells, the 55S mitoribosome peak was strongly reduced ([Figure 4](#gks774-F4){ref-type="fig"}B, upper panel). Hence, another possible mechanism is that p32 contributes to guiding this unique 5′-leaderless mRNA to mitoribosomes for initiation of translation in part by enhancing the mitoribosome formation or stabilizing the mitoribosome.

We observed that the total ATP level was significantly higher in p32-knockout MEFs than in wild-type MEFs ([Figure 2](#gks774-F2){ref-type="fig"}D), and the total ATP level is almost the same as glycolytic ATP production in p32^−/−^ MEFs. The knockdown of RelA, the dominant NF-κB transactivating subunit, markedly enhances glucose consumption and lactate production in MEFs under normal culture conditions. RelA-deficient cells also exhibit decreased oxygen consumption and cell survival, although they show increased ATP levels ([@gks774-B51]), the same as p32^−/−^ MEFs, suggesting that p32- and RelA-deficient cells show increased ATP levels due to the high activity of aerobic glycolysis.

Using *in vivo* labeling, we showed that re-expression of p32 in p32-deficient MEFs partially recovers the translation ([Figure 3](#gks774-F3){ref-type="fig"}D, lane 4). However, the ratio of each protein is almost the same as the wild-type (lane 2), indicating that mtDNA-encoded protein synthesis is equally and generally suppressed and restored in p32^−/−^ cells and in p32-resotred cells, respectively. Re-introduction of p32 into p32^−/−^ cells well rescues complex I activity, but cannot compensate the reduced activity of complexes III and IV to a similar extent. This discrepancy may be due to the number or function of the assembly factors of each complex.

Mitochondrial RNA-binding proteins identified in previous proteomic studies include mitochondrial ribosomal proteins, tRNA synthetases, AUH, p32, LRPPRC (leucine-rich PPR motif-containing protein) and ribonuclease H1. Ponamarev *et al.* performed a proteomic analysis of bovine mitochondrial proteins with affinity to polyadenylate or polyuridylate ([@gks774-B18]). Of the 64 identified proteins, 51 possess a defined mitochondrial function, including 6 known RNA-binding proteins such as AUH. That study also showed by affinity purification that mitochondrial adenylate kinase 3, AUH and carnitine acetyltransferase bound poly(A), but not poly(U), while p32 bound poly(U) but not poly(A). However, our *in vitro* cell-free experiments demonstrated that purified recombinant p32 preferentially binds poly(A) rather than poly(U) RNA. The reason for this discrepancy is currently unknown. p32 may bind poly(U) via another protein in a crude system.

Disruption of hyaluronan synthetase 2 gene by generation Has^−/−^ transgenic mice also results in abnormalities during midgestation with severe cardiac and vascular deformities, having similar phenotypic changes that takes place with p32/gC1qR/HABP1-deficient mice ([@gks774-B52]). Apoptosis induction by mitochondrial accumulation of HABP1 in fibroblast cell line with the generation of ROS and inhibition in complex I and mitochondrial dysfunction is supporting the OXPHOS regulation of p32 ([@gks774-B53]).

Acetylation of lysine is a reversible post-translational modification, which neutralizes the positive charge of this amino acid and modulates protein function in diverse ways. It plays a key role in the regulation of gene expression via the modification of core histone tails by histone acetyltransferases and deacetylases. A global analysis of lysine acetylation showed that p32 is acetylated at lysines 91 and 95 in human cell lines ([@gks774-B46]), suggesting a possible role of the lysine acetylation in p32 function and mitochondrial mRNA regulation.

Three p32 molecules form a doughnut-shaped quaternary structure with a sizable central channel and an unusual asymmetric charge distribution on the surface. This structure is highly positively charged because of the Lys residues in the α helix H1, which are located at the edge of the cleft of p32. A row of Lys residues in the α helix H1 on the surface of the molecule is conserved between human and mouse p32. The distances between these Lys residues are similar to those between the RNA phosphate groups, raising the possibility that the lysine residues continuously bind to single-stranded RNA. The alanine mutation of the two lysines in fact decreased the RNA-binding activity of p32 ([Figure 6](#gks774-F6){ref-type="fig"}). Combined with their structural position, the lysine pair in p32 could cooperatively contribute to binding a region of single-stranded RNA. These lysine residues are conserved only among the mammals ([Figure 6](#gks774-F6){ref-type="fig"}A) and not conserved in *Caenorhabditis elegans* or *S. cerevisiae* ([@gks774-B23]). Hence, the two lysine residues K89/K93 of the mouse p32 might play an indirect or additional role in RNA binding and resultantly in mitochondrial translation. At present, it remains yet to be identified which amino acids of p32 directly bind to RNA. However, the present lysine mutation results clearly support the importance of RNA-binding ability of p32 for the mitochondrial translation.

Mammalian mitochondria contain their own genome that is almost fully transcribed from both strands, which generates polycistronic RNA units that are processed and matured. Mitochondrial mRNAs are modified by oligo- or polyadenylation at their 3′-termini, but the exact function of this post-transcriptional addition is unclear. The role of polyadenylation in transcription may involve mRNA stability ([@gks774-B54]). To analyze the function of polyadenylation in mitochondria, Wydro *et al.* manipulated the mitochondrial mRNA poly(A) tail by targeting a cytosolic poly(A)-modifying enzyme (PABP1) to mitochondria. The observed decline in mitochondrial translation is likely due to a dominant negative action of mtPABP1 via disruption of essential protein--protein interactions in the poly(A) extension. These results indicate that poly(A) normally interacts with endogenous components that promote translation. However, coating of the poly(A) tail by mtPABP1 did not lead to transcript decay, but caused a marked inhibition of mitochondrial translation. It was also shown that removal of the 3′-adenylyl extensions results in a variable effect on mRNA steady-state levels, increasing ND1, ND2 and ND6 mRNAs or decreasing COX1 and COX2, which suggests that the mitochondrial RNA degradosome is involved in these changes. Those data are consistent with endogenous RNA-binding factor(s) such as p32 interacting with poly(A) to optimize mitochondrial protein synthesis and increase mRNA.

p32 is a very acidic protein with a calculated isoelectric point of 4 ([@gks774-B23]). In contrast, the one side of the doughnut-shape is much less negatively charged. This polarity in charge distribution clearly suggests asymmetric functional roles for the two sides of the protein. These conserved surface features are very likely to be important for protein--protein interactions and ligand binding. We observed that various proteins, such as mitoribosomal proteins, are associated with p32. In *Escherichia coli*, the majority of ribosomal proteins in both 30S and 50S subunits are basic. The acidic side of p32 may be involved in protein--protein interactions, such as those with the mitoribosome, while the other side of p32 is involved in binding RNA via its α helix H1.

RNA chaperones are proteins that non-specifically interact with RNA and promote RNA folding by either resolving non-native conformations or impeding their formation ([@gks774-B55]). Based on our findings that p32 shows significant RNA binding and stimulates translation, we speculate that RNA chaperoning is a major activity of p32. We suggest that the putative RNA chaperone activity of p32 contributes to RNA rearrangement during the early phase of translation initiation. A chaperoning function may be important for p32 to transport RNAs to the mitoribosome.

The RNA-binding ability is well correlated with the mitochondrial protein restoration ability in *p32*^−/−^ MEFs. Thus, the RNA-binding activity of p32 may be critically important for proper and efficient translation in the mitochondrial matrix. p32 may not only guide mRNA to the mitoribosomes, but also markedly contribute to efficient initiation and/or elongation reactions, because mitoribosomes in the heavier fractions strongly decreased in *p32*^−/−^ MEFs. Taken together, we provide the first demonstration that p32 plays a vital role in mitochondrial homeostasis and fetal development.
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[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

[^2]: Embryos at the indicated stages were isolated from intercrosses of heterozygous mice, and the total numbers (*n*) of intact and disintegrated or resorbed embryos were counted.
